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VISCOSITY OF HYDROGEN AND OF HYDROGEN-AMMONIA 
         UNDER PRESSURES'
MIXTURES
BY' M.ISARU HONGO AND IIIROjI IWASARI
   The viscosity of gaseous hydrogen and of gaseous hydrogen-ammonia mixtures of 
four difieren[ ratios was measured using an oscillating disk-type viscometer at tempera-
tures of 25, 50, 75, and 100'C, and in the pressure range up to about 120x105 Pa for 
hydrogen and up to the vicinity of the sawrnted vapor pressure of ammonia far 
hydrogeo-ammonia mixtures. The accuracy of the measurements is estimated to be 
within ±0.3po'. 
   In the calculation of [be gas viscosity of dilute binary mixtures based on Chapman-
Enskog's theory, a modification of the combination rule using the critical compressibili-
ty factor was presented. The calculated viscosity values obtained by applying the 
critical compressihility factor were in better agreement with [be experimental ones 
than the original Chapman-Enskog's theoretical ones. 
   The initial density dependentt of the viscosity of hydrogen-ammonia miaures, 
i. e., pp 5(gy/Bp)p-w, increased with an increase in temperature and in the mote fraction 
of hydrogen as in the case o[ the nitrogen-ammonia system, where ~7 is the viscosity of 
a gas, >,, is the viscosity extrapolated to aero density, and p is density, Further, it may 
be concluded that the nonpolar molecules of larger molecular weight disturb more strongly 
the dimerization of polar molecules than those of smaller molecular weight.
Introduction
   Among the transport coefficients of a gas, on consideration of the molecular theory of gases the 
viscosity is an important physical property because iC can be measured very precisely. The accurate 
experimental values of the viscosity of gaseous mixtures under various pressures are useful to 
obtain some information about intermolecular interactions and contribute to the theoretical devel-
opment for dense gaseous mixtures. In recent years accurate measurements of the gas viscosity at 
high pressure or at high temperature have been made, but [he studies about the viscosity of gaseous 
mixtures under pressures are not so many. Especially, as mentioned in the previous papertl, there aze 
only a few investigationsl.2.a) about the viscosity o6 nonpolar-polar mixtures under pressures. There-
fore, as the example of the nonpolar-polar system, the viscosity of hydrogen-ammonia mixtures has 
been measured using a precision oscillating disk-type viscometer following the nitrogen-ammonia 
systemll. In order to study the effect of the molecular weight of nonpolar gas on the viscosity of 
     (Recedved dfarch 31, 7~8) 
    + Presented in partat The Uth High Pressure Conference, Sapporo, Oct. 1st, ]976 
      I) hf. Hoago and H. Iwasaki, This Journal, 47, 90 (1979) 
     2) H. Iwasaki and J, Kestin, Physics, 29, 1345 (1963) 
      3) Y. Tanaka, H. Kubota, T. llakita and H. Okazaki, J. Chem. Eng. Japan, 10, 83 (1991)
The Review of Physical Chemistry of Japan Vol. 48 No. 1 (1978)
2 11. Hongo and H. 73vasaki 
polar gas, hydrogen was selected because its molecular weight is the smallest among nonpolar gases. 
   bleasuremen[s of the viscosity have been carried out at temperatures. 25. 50. 75 and ]00`C and 
at pressures up to about 120x 10° Pa for hydrogen and up to around the saturated vapor pressure of 
ammonia for hydrogen-ammonia mixtures, i. e., about 30 X 10° Pa at 25`C, 20x t0s Pa at 50-C, 35 x 
IOs Pa at i5°C and GO x 10' Pa a[ 100'C. The viscosity of the hydrogen-ammonia system at atmos-
pheric pressure was measured by Trautz el al.~+> (20to 250"C) using acapillary-flora viscometer and 
by Pal e! aLs> (33 to 20GC) using an oscillatieg disk viscometer, but there are no other viscosity 
data of this system to be compared with above atmospheric pressure.
                              Experimental Method 
   The appuratus and the experimental procedureare much the same as those reported in detail 
previouslyt>. But thermister thermometers were used instead of thermocouples to measure the tem-
peratures of the pressure vessel and the oil in the thermostat. These thermister thermometers were 
calibrated against a platinum resistance thermometer provided with a calibration certificate by [be 
\ational Bureau of Standazds. The accuracies of the temperature measurements were ~0.01'C irom 
25 to 75'C and 20.02'C at ]00'C. 
   Hydrogen was supplied from the Nippon Oxygen Co., Ltd. and its purity was 99.9945. Ammo-
nia was purified as described previouslyt>.
                             Calculation of Viscosity 
   The viscosity of the gases has been calculatedin the same way as described in Ref. 2. The 
apparatus constant, Cn', was determined using nitrogen at the temperature of 25°C and at pressures 
below 25 X IOs Pa. The mean value of Ca' used in the present calculation was 1.1337 for hydrogen 
from ti to 75°C, and 1.1355 fot hydrogen at 100°C and for hydrogen-ammonia mixtures from 25 to 
100`C. 
   The densities required for the calculation were obtained from the PV values reported by 
Michels et ds> for hydrogen and from Pri chart prepazed by S. Tezukarl for hydrogen-ammonia 
mixtures, where Vri is the ideal reduced molar volume. The accuracy of the experimental values of 
viscosity was estimated to be within X0.345.
4) \I, Tcautz and R. Heberling, Ann. Phyrik, 10, 155 (1931) 
3) 9, K. Pal and A. K. Barua, J..CLem. Phy4., 47, 216 (1967) 
6) A. ~t ichels and 3Z. Goudelce[, Pbytica, 8, 347 (1941) 
7) K. Satoh, "Bussei Josu Suisanho", blaruzen, Japan (1954)
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Results
   The experimental results obtained for hydrogen are given in Table I and plotted in Fig. 1. The 
viscosity of hydrogen at the same experimental conditions as [hose of this work were already meas-
ured by ~Sichels e! al.a> (25 to i5°C), Bazua et a1.9~ (25 to 75°C), and Gracki el also> (1i`C). They 
are also shown in Fig. 1. The values obtained in this work agree well with those obtained in the 
investigations described above within the experimental error. The experimental data giaea in Table 
I show that the initial slopes of the viscosity vs. pressure curves are slightly negative at 15, 50 and 
75"C, although this behavior cannot be seen clearly in Fig. 1. Similar observations were pointed 
out by Chuang et al.tr~ and otherss. to7 but the decrement ratio was smaller than the experimental 
attorney. 
   The viscosity values obtained for hydrogen-ammonia miztures are shown in Table 2. For 
example, the results obtained for miztures at 25°C are shown in Fig. 2. The viscosity values for 
pure ammonia have already been reported in Ref. 1. IC is appazent hat the initial slope of the 
viscosity vs, pressure curves of each mixture, i. e., (8r~laP)p-,o, increases as the mole fraction of 
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   Fig. 1 Viscosity of hydrogen Fig. 2 Viscosity of hydrogen-ammonia 
                                             system at 26'C
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behaxzor f the viscosity of [he hydrogen-ammonia system at ]00°C. These curves how that the 
influence of pressure on [he viscosity is not so large below the saturated vapor pressure ofammonia 
at the experimental conditions. All isobars obtained in the present measuzements have the maxi-
mum at about 0.6 mole fraction of hydrogen. 
   The viscosity values of mixtures at atmospheric pressure were obtained by extrapolating the 
viscosity as. pressure curves to 1 atm (1.013X105 Pa), and are shown in Fig. 4 along with the data 
reported by Trautz ed al.~~ (10 aad 100°C) and by Pal e1 als> (33, 54 and 9g°C). The values obtained 
by Trautz et al.V agree with those obtained in this work within -!-]q6 at 100°C. However, the 
values obtained by Pal of als> aze fairly different from those obtained inIbis work. although the ex• 
perimeatal temperatures are not the same.
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        25°C 
HS (0.198)-NHS (0.8021 
     0.000689
     0.000))` 
     0.00]36 
      0.00:28 
     0.0063 it 
H5 (0.408)-NNS (0.1921 
     0.000311
     0.000588 
      0.001)9 
    0.00)1] 
     0.004518 
HS 10.5941-NHS l0.aasj 
     0.000398
     o,oooaza 
      0,00136 
      0.00212 
     0.00)120 
H) 10.)99)-NHS (0.2011 
    aooa3ss
      0.00033] 
    aooo]eo 
     0.00169 
     0.002338 
       50°L 
H3 (D.1 a9)-NH3 (o.au1 
     0.000642
    0.no07m 
    0.0026] 
    aoosseo 
     0.008fi20 
     0.01189 
    ooun 
NS (0A00)-NNS (0.600/ 
     0.000503
     0.000516 
     0.00208 
     O.OOSJSB 
    0.008)58 
    oolwo 
H) l0.6oo1-Nny (o.tooJ 
    0.000369
     0.000441 
     0.00151 
     0.00388] 
     0.006326 





















































































       30°C 
Ht (0.]94)-NHS (0.2061 
     0,000233
     0,060254 
     0.00096) 
     0.001919 
     0,002894 
     O.OOSBfii 
     o.oo4eos 
       75°C 
H5 (0.201)-NNS (0.]99) 
    0,000611
    0.ooo7afi 
     0.002[8 
      0.003109 
     o.omell 
     0.02316 
      0.01961 
     0.02132 
Hs (0)981-NHS (0.6021 
     0.000400
     0.000580 
      0.00190 
     0.003945 
     0.006001 
     o.olola 
     O.Otidl 
     0.01391 
VI5 (0,3991-NH3 (0,4011 
     0,00033d
      o.aoo4zz 
     o.aolal 
     0.002861 
     O.OM337 
     o.awos3 
     o.moos 
     O.OIltO 
H4 (0.8021-NHS (0.1961 
     0.000208
     0.000231 
     0.0008]4 
      O.ODllW 
      0.002629 
    a.oa331 
     0.006131 
























































































      100°C 
Hp (0.202)-NHI (0.]981 
     0,00056]
     0,000)31 
      0.00231 
      0.004623 
     0.009)00 
      0.01309 
     0.02061 
      0.02663 
      o.o»Do 
     0.0]785 
H] (0.1041-NH5 (0,596) 
     o.aoo4v 
      o.ooos4a 
      o.oole2 
      o.oo3s7i 
     0.00]]90 
      0.011]1 
     0.01512 
     0.0196fi 
     0.02)34 
     0.02498 
HS (0.591)-NHS (4406) 
     0.000318 
     0.000]33 
     0.00131 
     0.002635 
     0.005700 
     0.008085 
     0.01001 
     0.01338 
     0.01676 
      0,01 iB  
      0.01)81 
H5 (0.800)-NHS (0.200) 
     0.00019] 
      0.000211 
     0.000830 
      6.001680 
     O.OOJJSB 
     0.005155 
     0.006615 
     o.ooa24o 
     0.009]50 
     0.01019 












































 Modiflcatfon of the combination rule for the nonpolar-polar system 
   The viscosity of dilute gaseous binary mixtures can be evaluated by the method based on the ki-
netic [heoryl2J. The theoretical equation to the first approximation derived by Chapman and Enskog 
     t1) J. 0. Hirschfelder, C. F. Curtiss and R. B. Bird, "nfolecular Theory of Gases and Liquids", John 
        R'iley & Sons, Inc., New Fork (1954)
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               Unp= 2 (On'~Op)5
where as and Ep are the Leonard-Jones potential 
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as follows: 
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  Fig. S Comparison of experimental v lue with Fig, 6 Comparison of eaperimental value with 
        original theoretical one and calculated original theoretical one and calculated 
        one applying Eq. (3) in hydrogen-am- one applying Eq. (3) in nitrogen-ammo-
         monia system nia s}'stem 
100°C. 
   In this study, i[ has been uied to modify the combination rule, Eqs. (I) and (2), using critical 
constants offi to the experimental viscosity values, ince there were some mpirical methodsls. r4)
to obtain the potential parameter by use of critical constants. It was found [hat [he calculated 
values agreed well with the experimental values, when can was somewhat decreased. So, Che critical 
compressibility factor. Ze, was adopted to set up a correction factor, as it was knotvnls) that a modi-
fication using Ze expressed satisfactory esults. Z„ of most substances have nearly Constant values 
0.?4--0.31. The following equation was chosen, as a result of testing various formulae using Za. 
r 
          (-kv°) = ek `(Zee)VZ}(Zea)l/z~ - (3) 
where Zau and Zan are critical compressibility factors of nonpolar and polar substances, respectively. 
The viscosity values of [rlml:]r obtained by applying Eq. (3), shown by dotted lines is Fig. 5, are in 
good agreement with the experimental ones. 
   The above-described method wasalso applied to the nitrogen-ammonia system[), and the 
results are shown in Fig. 6. The force constants used for the nitrogen-ammonia system were obtained 
as follows: 
            \z: se=3.732 [A], °aJk=79.8 [K] 
   As can be seen from Figs. 5 and 6, the viscosity values obtained by using Eq. (3) agree very 
closely with the experimental ones from 2i to 7S'C, but do not agree sufficiently at 100'C. 
     13) E. A. Halkiadakis and R. G Bowrey, Chern. E:eg. Sci., 30, S3 (I97S) 
     14) L. I. Stiel and G. Thodos, :17ChE Jonrraal, 10, 766 (1964) 
     li) T. Makita, °Viscosity and Thermal Conductivity", Baifukan, Tokyo (1971)
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 Initial density dependence of the viscosity for thenonpolar-polar system 
   The gas viscosity ~ can be approximately expressed as a function of the densit}• p as follows 
where re is the viscosity extrapolated to zero density and a'=r_-'(ar/8p)~o is the initial density 
dependence of viscosityt>• In this work the experimental viscosities of hydrogen and hydrogen-
ammonia mixtures were expressed by the cubic equation as 
and the constants in Eq. (5) were determined by means of the least-squares method as given in 
Ta61e 3. The relation between a' and xr~r, at each temperature is shown in rig. 7, where a' denotes 
the initial density dependence of the viscosities of ammoniatl and of hydrogen-ammonia mixtures, 
and xq„ the male fraction of hydrogen. As shown in the figure, each isotherm is approximated by 
a straight line, and then it is found in the nitrogen-ammonia systeml> that o!' increases with an 
increase in temperature and in the mole traction of hydrogen and that xsti ,the mole (mc[ion of 
hydrogen at a point of intersection of each stmight line with a'=0, decreases wich an increase in 
temperature. Fig. S shows that there is the linear relation between xH; and temperature. It should 
be noted that the similar relation was observed in Case of the nitrogen-ammonia systemt} as shown 
in Fig. 8. It is obvious that hvo straight lines are parallel to each other.
Table J Values of constants in Eq. (5p~~
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- 7.28 
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a)n=An (1+a'p+B'PZh'~P3) A:]0'~Pa•s P: 103kg•nr3=B•cm-3
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   The viscosity of polar gases, such as ammonia, sulfur dioxide, water vapor etc., decreases with 
an increase in pressure below a certain temperature. It was considered by Stogryn and I3irschfelderts) 
that the gas a-as a mixture of monomers and dimers, and that the initial pressure dependence of 
viscosity depended on a dimerization effect and a mllisional transfer effect. As described in Ref. 1, 
it can be presumed that. polar molecules, such as ammonia, sulfur dioxide etc. form dimers, by 
considering that water molecules are possible toform dimersrr>. Then, a'.for the polar gases is more 
strongly influenced by the dimerization of their molecules than [hat for nonpolar gases. Fig. 5 seems 
to suggesV)that the rise oI temperature and the presence of nonpolar molecules disturb the dimer 
formation of polar molecules. In addition, from Fig. 8 it may 6e concluded in these two systems Chat 
the nonpolar molecules of larger molecular weight disturb more strongly the dimerization of polar 
molecules than [hose of smaller molecular weight.
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